ABSTRACT This paper studies a relay-assisted wireless-powered communication network (WPCN), where a hybrid relay node (HRN) broadcasts radio-frequency energy to energy-harvesting users and forwards these users' data to a base station in amplify-and-forward (AF) or decode-and-forward (DF) fashions. The joint time duration and power allocation optimization problems for both AF and DF relay-assisted WPCNs are investigated to maximize the energy efficiency of HRN, which are challenging to solve due to the nonconvexity and strong coupling of variables. For the DF relay-assisted WPCN, we propose an optimal time duration and power allocation algorithm by decomposing the original problem into three subproblems, i.e., time duration allocation subproblem for users' information transfer, time duration allocation subproblem for HRN's energy and information transfer, and HRN's power allocation subproblem. For the AF relyassisted WPCN, we propose an iterative algorithm to optimize the transmit power and energy transfer time of HRN, by proving the quasi-concavity of the objective function where the optimal time duration allocation has been derived. The simulation results verify that the proposed algorithms can render significant energy efficiency gains, e.g., the performance gains of the proposed algorithms are about 300% and 150% compared with the existing schemes for the AF relay-assisted WPCN and DF relay-assisted WPCN, respectively, when the noise power is relatively large.
I. INTRODUCTION
Wireless energy transfer (WET) is an effective solution to prolong the lifetime of energy-constrained devices, such as low-power sensors and Internet of things (IoT) terminals, by powering these devices through radio frequency (RF) energy signals [1] . Wireless powered communication network (WPCN) can power multiple devices and receive their own information at the same time by emplying a hybrid access point (HAP) to broadcast RF energy signals to the devices in the downlink phase, and receive the information from these devices by using the harvested energy. Lately, WPCN has received much attention from both academic and industrial [1] - [5] . Specifically, a single-antenna WPCN is investigated in [4] , where both the sum-throughput and common-throughput maximization problems are considered. Later, Lee et al. [5] further develop a new WPCN model where the users can transmit data simultaneously in uplink through space division multiple access by equipping the HAP with multiple antennas.
The main restriction of traditional WPCN is the short transmission distance due to the dual path loss and fading for both uplink information transfer and downlink energy transfer [3] , [4] . Recently, relay nodes have been introduced into WPCN to enable coverage extension [6] . There are two kinds of relays in the current literatures for relay-assisted WPCN: one is battery-free, i.e., without electric wire for power supply, which harvests energy from HAP; the other one is hybrid relay node (HRN), where the relay is integrated into WPCN as a HAP.
Specifically, for the battery-free relay, a nearby energy harvesting user with a better channel to the HAP, i.e., helping user, is considered to act as a relay for cooperation during the information transfer phase in [7] . A new pricing strategy is proposed to stimulate the helping user to use its excess energy to forward the source user's information in [8] . A multiantenna-battery-free relay is further considered in [9] , where the multi-antenna relay harvests from HAP and forwards users' information by using the harvested energy, and an energy beamforming and time duration joint optimization problem for maximizing the sum-rate of the proposed WPCN is investigated.
On the other hand, relay-powered communications are considered in [10] - [13] . Mishra et al. [10] consider a threenode WPCN, where the relay can harvest energy from the HAP for energy relaying or information relaying, and resolve the dilemma at the relay node on whether to transfer its harvested energy to power the energy harvesting information source or to act as a relay for transferring data to the HAP. In addition, the channel capacity of a three-node relay-assisted WPCN is considered in [11] , where the relay node transmits energy to the source node and then forwards its data to the destination. Wang et al. [12] design a beamformer of relay and source for a full-duplex relaybased WPCN to maximize the system throughput. Liu et al. propose a charge-then-forward protocol for a relay-assisted WPCN consisting of multiple source-destination pairs in [13] , in which the relay node first transmits energy signals to power the sources, and then forwards the information from the sources to their corresponding destinations. The battery-free relay can only extend the distance from the users to the HAP slightly since the relay is also energylimited, and the transmit distance can be extended to hundreds of meters through relay-powered communications. Thus, the relay-powered WPCN is investigated in this paper. Note that most of existing work of relay-powered WPCN only considers the three-node system including one source, one relay, and one destination [10] - [12] , or including one HRN and multiple source-destination pairs [13] , while our proposed relay-assisted WPCN architecture, which consists of one hybrid relay node (HRN), one remote base station (BS), and multi-users, is different from the existing WPCN architectures. Thus, how to jointly design the time duration allocation respectively for the energy transfer, the users-HRN information transmission, and the HRN-BS information transmission needs further investigation.
Moreover, both [10] - [13] consider the throughput maximization problem. However, the energy efficiency (EE) also needs to be considered in WPCNs, since the dissipation of the RF energy during the energy transfer phase may noticeably decrease the EE of WPCNs. Generally, the network lifetime weighs more than the throughput for the energy-constrained devices like IoT terminals. For the relay-assisted WPCN, the network keeps working as long as the HRN has enough energy. As a consequence, how to improve the HRN's energy efficiency needs further consideration.
Therefore, in this paper, we consider the EE maximization problem of the relay-assisted WPCN. The main contributions of this paper are summarized as follows:
1) This paper considers a relay-assisted WPCN, where a HRN broadcasts RF energy to multiple nodes and forwards their data to the BS. The energy efficiency maximization problem is formulated for both DF and AF relay-assisted WPCN. For the DF system, the considered problem is formulated as jointly optimizing the transmit power of the HRN for both energy and information transfer, the time duration allocation for the energy transfer, the users-HRN information transmission, and the HRN-BS information transmission. For the AF system, the time duration optimization for HRN-BS information transmission is not needed since the time durations for information transfer from users to the relay and from the relay to HRN are inherently equal to each other.
2) For the DF relay system, we derive the closed form of HRN's optimal transmit power for energy transfer and the optimal time duration allocation with given HRN's transmit power for information transfer. Afterwards, the energy efficiency function is transformed into a quasi-concave function about HRN's information transmit power with optimal time duration allocation and HRN's transmit power for energy transfer, thus the optimal HRN's information transmit power can be quickly acquired by the golden search method.
3) The optimal time durations for users-HRN and HRN-BS information transfer are presented in a closed form for the AF relay system. Then, in order to finally address the considered problem, finely-designed variable substitutions are applied to transform the original objective function into a quasi-concave function in each dimension, and hence the optimal solution in each dimension can be obtained through an one-dimensional search method with the other two variables fixed. An iterative algorithm is further proposed to achieve the HRN's energy transfer time duration and power allocation. Simulation results show that the proposed iterative algorithm converges raidly.
Note that although work [14] - [16] also studies the EE of WPCNs, they only focus on the WPCN with one-hop information transmission, i.e., none of them consider the relayassisted WPCN. In this paper, we jointly design the transmit power of the HRN, the time duration for the energy transfer, the users-HRN and the HRN-BS information transmission respectively.
The rest of this paper is organized as follows. The system model and the problem formulation are described in Sec. II. The proposed joint time duration and power allocation algorithms for DF relay-assisted WPCN and AF relay-assisted WPCN is presented in Sec. III and Sec. IV, respectively. Then, simulation results are provided in Sec. V to evaluate the performance of the proposed algorithms. Finally, Sec. VI concludes this paper.
II. SYSTEM MODEL
This paper considers a WPCN consisting of one HRN and K users which are equipped with one single antenna, as shown in Fig. 1(a) . The HRN broadcasts energy signals during the first time duration τ 0 . Then, all the users transmit their own information to the HRN through time division multiple access (TDMA) fashion and the HRN forwards the received signals to the base station. Both the decoded and forward (DF) and amplify and forward (AF) fashion are considered in this paper. All the notations to be used throughout the paper are summarized in Table 1 .
A. ENERGY TRANSFER
During the energy transfer phase, the HRN broadcasts energy signals with the transmit power P d . It is assumed that the energy harvested from the noise is negligible. Thus the harvested energy of U k can be expressed as
(1)
B. INFORMATION TRANSFER OF DF RELAY-ASSISTED WPCN
For the DF relay-assisted WPCN, the whole time slot is separated as K + 1 time duration, as shown in Fig. 1(b) . After energy transfer, all the users transmit their own information to the HRN during the next K time duration τ DF k , ∀1 ≤ k ≤ K . The HRN forwards the received signals to the base station in the remaining time duration
It is assumed that the users only use the energy harvested in the current slot, thus the maximum transmit power for U k in the information transfer phase of the DF relay-assisted WPCN is written by
Then, the achievable rate of U k in the first hop can be expressed as
where
, the HRN decodes the previously received signals from users, and then forwards the decoded signals to the BS. The corresponding channel rate is given by
Thus, the achievable sum-rate of users information transfer assisted by the HRN can be expressed as
C. INFORMATION TRANSFER OF AF RELAY-ASSISTED WPCN
When the AF fashion is used in the HRN, the time durations for information transfer from users to the relay and from the relay to HRN need to be with the equal length [17] . Thus, for the DF relay system, the whole time slot is separated as 2K +1 time durations, as shown in Fig. 1(c) . All the users transmit their own information to the HRN after HRN forwarding the previous user's information during
, the maximum transmit power for U k in the AF system is written by
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The signal to noise ratio (SNR) between U k and the BS is written by [18] 
Then, the achievable rate can be expressed as
Thus, the achievable sum-rate of users information transfer assisted by the AF HRN can be expressed as
D. ENERGY EFFICIENCY MAXIMIZATION PROBLEM FORMULATION
In this paper, the objective is to joint optimize the time durations and HRN's transmit power for both energy transfer and information transfer in order to maximize the energy efficiency of the HRN. For the DF relay-assisted WPCN, energy consumption of the HRN is
C DF 1 and C DF 2 are time duration constraints, C DF 3 denotes the maximum transmit power constraint of the HRN.
For the AF relay-assisted WPCN, energy consumption of the HRN is
denotes the AF relay processing energy cost, the problem is formulated as
C AF 1 and C AF 2 are time duration constraints, C AF 3 denotes the maximum transmit power constraint of the HRN.
III. ALGORITHM DESIGN FOR DF RELAY-ASSISTED WPCN
In this section, we investigate the optimal solution of problem OP DF 1 . Specifically, the optimal problem OP DF 1 is decomposed into three subproblems: time duration allocation for users' information transfer, time duration allocation for HRN's energy and information transfer and HRN's power allocation, as follows:
A. USERS' INFORMATION TRANSFER TIME DURATION ALLOCATION First, with given time durations and power for HRN transmitting energy and information τ DF 0 , τ DF K +1 , P DF d and P DF u , respectively, the energy consumption at HRN and the rate between HRN and BS are fixed. Thus the energy efficiency maxmization problem OP DF 1 becomes the users' sum-rate maximization problem, i.e., 
Theorem 1: The users' information transfer time duration allocation τ DF
where A = K k=1 γ k . Thus the optimal sum-rate with given τ DF 0 and τ DF K +1 can be expressed as
Thus the optimal problem OP DF 1
can be reformulated as OP 
where max
Based on Theorem 2, the optimal HRN's energy and information transfer time duration allocation with given P DF d and P DF u can be rewritten as
The optimal τ DF 0 , τ DF U and τ DF K +1 can be obtained by rewriting the objective function as
with given P DF d and P DF u . Let α = 
Since g(α, β) and the equality constraint C DF 42 are continuous with α and β, the minimal g(α, β) must satisfy
In addition, by differentiating the implicit function C DF 42 , we have
According to (21) and (22), we have
≥ 0 for x ≥ 0, and
< 0, as a result, there is a unique solution x * for h(x) = 0 with a given P DF d . Thus, the optimal energy and information time duration allocation for HRN can be obtained by
.
As a result, we can calculate the optimal time duration allocation as (25), shown at the top of the next page, where x * is the solution to ln(1
C. POWER ALLOCATION OF HRN
Based on the (25) and Theorem 2, the optimal problem OP DF 2
can be rewritten as OP 
Proof: Please see Appendix C. According to Theorem 3, x * is a constant, in addition,
log 2 (1+x * ) E 0 are constants. Therefore, the optimal uplink transmit power P DF u can be obtained by solving
Lemma 1: Suppose f is twice differentiable. When ax
Proof: Please see Appendix D. 
Based on Lemma 1,
is concave for 0 ≤ P DF u ≤ P A . Thus the problem OP DF 7 can be solved by an one-dimensional search method. The golden search method is used here to obtain the optimal P DF u , as shown in Algorithm 1. With the given optimal energy and information transmit power P DF * d and P DF * u , the optimal time duration allocation can be obtained through the closed-form solution (25) and (14) . 
, then 6 : 
IV. ALGORITHM DESIGN FOR AF RELAY-ASSISTED WPCN
In this section, we consider the energy efficiency maxmization problem of AF relay-assisted WPCN OP AF 1 . Specifically, the optimal time duration allocation for users and HRN information transfer is derived with given time duration for HRN energy transfer and transmit power of the HRN. An efficiency iterative algorithm is further proposed to obtain the joint time duration and power allocation of AF relay-assisted WPCN, as follows:
A. TIME DURATION ALLOCATION FOR INFORMATION TRANSFER
The energy consumption at HRN is fixed with given time duration for energy transfer τ AF 0 , and the transmit power at HRN (P AF d and P AF u ). Thus the energy efficiency maximization problem of AF relay-assisted WPCN OP AF 1 becomes the sum-rate maximization problem, i.e.,
where ε k = 2γ k P AF d τ AF 0 and θ = P AF u h hb .
Theorem 4: The optimal information transfer time duration allocation
when τ AF 0 , P AF d and P AF u are given. Proof: Please see Appendix E. Based on theorem 4, the optimal information transfer time duration allocation are According to Theorem 5, we can easily obtain the optimal solutions of κ, P AF u and P AF d in each dimension with the golden search method when the other two variables are fixed, and then employ the alternative optimization method to update each variable iteratively until convergence as shown in Algorithm 2. The convergence of Algorithm 2 can be guaranteed. This is because the optimal solutions are obtained at each iteration, which keeps the objective function of OP AF 3 increasing until converged (as energy efficiency is finite in a practical relay-assisted WPCN). 
γ k A . 9: Output: Energy efficiency of HRN for AF system.
V. SIMULATION RESULTS
In this section, we provide simulation results to obtain insights on the average energy efficiency analysis. For the DF relay-assisted WPCN, the energy efficiency performance of the proposed optimal time duration and power allocation (OTDPA) algorithm is compared with the optimal time duration allocation (OTDA) scheme with fixed energy and information transmit power (P DF d = P DF u = P A ). The OTDA for DF relay system can be obtained by (25) and (14) . And we also compare the energy efficiency performance of the proposed time duration and power allocation (PTDPA) algorithm with the OTDA scheme with the AF relay-assisted WPCN. The optimal energy transfer time duration τ AF 0 can be obtained by a golden search method since the quasi-concavity is proved in Theorem 5, and optimal
In the simulations, the maximum transmit power of the HRN is set by P A = 10 W. The processing energy cost at HRN is set as E DF 0 = 1 J and E AF 0 = 0.5 J with normalized time slot for DF relay and AF relay respectively, since AF relay do not need to decode the received signals before forward user's information. It is assumed that all the channels experience a Rayleigh fading, and the channel power gains are
where d is the distance between two nodes, in which the distances between HRN and users are considered uniformly located in a from 5 m to 10 m, and the distance between BS and HRN is set as 500 m, d 0 is the reference distance set to be 1 m, α = 3 is the pass loss factor. Without loss of generality, the energy conversion efficiency is set by η k = 1, ∀k.
In Fig. 2 , the convergence of the proposed iterative algorithm for AF relay-assisted WPCN is illustrated under 4 different channel realizations. It is observed that Algorithm 2 almost reaches the stable value within 20 iterations and then ascends marginally. This indicates the very low complexity of the proposed iterative algorithm.
In Fig. 3 , the energy efficiency performance comparison has been presented for various noise power. It is observed that the proposed joint optimized algorithms have significant performance gains compared with the reference schemes for both AF and DF relay system, e.g., the performance gains of the proposed algorithms are 297% and 153% compared with the OTDA schemes for the AF relay system and DF relay system respectively when noise power is −100 dBm.
max And the energy efficiency performance of the AF relay is better than DF relay when the noise power is low, this is because the impact of the amplified noise from users to the HRN is less than the saved energy due to the low processing energy cost of the AF relay.
To demonstrate the impact of the maximal transmit power, in Fig. 4 , we present the average EE performance with different maximal transmit power P A , where the noise power is set by −100 dBm. It is observed that the OTDA schemes have near the same energy efficiency compared with proposed joint optimization algorithms for both AF and DF relay systems when the maximal transmit power of HRN is low. This is due to the fact that when the maximal transmit power of HRN is low, the optimal transmit power of the HRN is the maximal transmit power, i.e., P * u = P A , the optimal energy efficiency can be obtained by optimizing time duration allocation. With P A increasing, the energy cost of the OTDA scheme increases linearly and sum-rate of the network increases logarithmically, thus the energy efficiency decreases when P A is high. Furthermore, Fig. 5 illustrates that the proposed algorithms can deliver significant energy efficiency gains for different number of users, i.e., K .
VI. CONCLUSION
In this paper, we have investigated a relay-assisted WPCN inclusive of one HRN, one BS, and multiple users. The EE maximization problem is considered by jointly optimizing the time duration allocation and HRN's power allocation for both AF and DF systems. For DF relay-assisted WPCN, the closed forms of optimal time duration allocation and HRN's transmit power for energy transfer is derived, and the optimal HRN's transmit power for information transmission is obtained by an one-dimensional search algorithm. For AF relay-assisted WPCN, an iterative algorithm is proposed to achieve the HRN's transmit power for both energy and information transfer and the time duration for energy transfer, based on the derived optimal users-HRN time duration allocation and HRN-BS time duration allocation. Simulation results show that the proposed algorithms can achieve significant average EE performance gains, compared to the existing schemes.
APPENDIX A PROOF OF THEOREM 1
Proof:
T is convex with fixed energy transfer time duration τ DF 0 , according to the strong duality [19] , the dual gap between problem OP DF 2 and its Lagrangian dual problem is zero, thus, the Karush-KuhnTucker (KKT) conditions are both necessary and sufficient for the points to be primal and dual optimal. The Lagrangian function of OP DF 2 is given by
where ν is the Lagrangian multiplier. According to the KKT conditions [19] , the optimal information transfer time duration allocation
where ν * denotes the optimal dual solution of (34).
Then, define function z log 2 (1 + x) − 1 ln 2 x 1+x − ν * , thus, the optimal τ DF * satisfies z(
It can be verified that z(x) is a monotonically increasing function of x ≥ 0 due to dz dx = x(1 + x) 2 ≥ 0 for x ≥ 0, as a result,
Thus, Theorem 1 is proved.
APPENDIX B PROOF OF THEOREM 2
Proof: Proof by contradiction: Assume that the equality in Theorem 2 is not satisfied, i.e., τ DF * U log 2 (1+ 
, which contradicts to the fact that τ DF *
0
, τ DF * U , τ DF * K +1 , P DF * d and P DF * u are the optimal time duration allocation. Thus, Theorem 2 is proved.
APPENDIX C PROOF OF THEOREM 3
Proof: Proof by contradiction: The optimization of the energy transmit power is considered in the original problem OP DF 2 . It is assumed that the optimal solution of OP
Since τ DF U log 2 (1 + for given τ DF * 0
, P DF * d and E * u = τ DF K +1 P DF * u , respectively, there must exist τ U + τ K +1 ≤ τ 0 satisfying that 
Thus, theorem 4 is proved.
APPENDIX F PROOF OF THEOREM 5
Proof 
where A 0 = 2Aκ, B 0 = P AF u h hb and C 0 = P AF u + 2E AF 0 (1 + κ). Let f 0 (P AF d ) = log 2 (1 + 
